Small proteins secreted to the extracellular matrix in plants regulate many physiological activities, including pathogen response, material transport, and morphogenesis, but the functions of most small secreted proteins have not been elucidated except for some well-known small secreted proteins. To predict the functions and physiological roles of unidentified small secreted proteins, information on their expression patterns is valuable. Here, we report expression analysis of Arabidopsis thaliana small secreted protein (ATSP) genes that encode proteins possessing a signal peptide at Nterminal, and protein sizes were less than 100 amino acid residues. By promoter:reporter experiments, we examined the expression of 122 ATSPs, including 47 unannotated ATSPs that do not have any discernable motifs, in tissues and at the cellular level in Arabidopsis seedlings, and floral organs. As a result, 79 ATSP genes were expressed in various regions of the seedlings, and 37 ATSP genes were specifically expressed.
In multicellular organisms, cell-to-cell communication is essential for the growth and differentiation of cells and is also important for responses to biotic and abiotic stimuli. Small secreted proteins of plants control diverse aspects of physiological activities, including growth, material transport, hormone response, and development. Plants have many small secreted proteins, which function as key players in cell-to-cell communication, responding to various signals. In A. thaliana, large numbers of small secreted proteins have been identified by genome search and proteomic analysis. [1] [2] [3] [4] [5] [6] [7] These are structurally or functionally categorized in families such as plant defensin (PDF), 1, 8) defensin-like protein (DEFL), 9, 10) non-specific lipid transfer protein (LTP), 2) A. thaliana homolog of tomato gibberelinstimulated transcript (GASA), 3) arabinogalactan protein (AGP), 4, 5) CLAVATA3 (CLV3)/ENDOSPERM SUR-ROUNDING REGION (ESR)-related (CLE), 9) and phytosulfokine (PSK). 11, 12) Plants have evolved mechanisms to defend themselves against pathogen attack. PDFs show structural similarities to mammalian and insect defensins that display antifungal activity. 8) The Arabidopsis genome has 13 putative PDFs and more than 300 DEFLs. 6, 8) All PDFs are composed of small highly basic cysteine-rich peptides, 8) and 11 PDFs have a signal sequence. 8) In 2005, Kevin et al. examined small, secreted Cys-rich peptides in Arabidopsis, and identified more than 300 DEFLs by genomic analysis. 6) Although DEFLs show structural similarities to PDFs, they have been reported to function differently in pathogen responses. 9, 10) It is known that some of DEFL function in cell-cell communication. 9 ,10) S locus protein 11 (SP11), a DEFL, is a 74-amino-acid (a.a.) peptide containing a putative signal peptide cleavage site that is expressed predominantly in the anther. 13) This protein is translated and secreted, and binds to S locus receptor-like kinase SRK, which triggers self-incompatibility responses. 9) Recently, it was found that LUREs, cysteine rich polypeptides in a subgroup of DEFL, are involved in pollen tube attraction. They are expressed predominantly in synergid cells, and are secreted to the surface of the egg apparatus to attract pollen tubes. 10) LTPs are widely distributed in the plant kingdom. A genome-wide analysis identified 52 rice LTP genes and 49 Arabidopsis LTP genes. The general features of LTPs are low molecular mass (6.5 to 10.5 kDa), a signal peptide and an 8 CM (C-Xn-C-Xn-CC-Xn-CXC-Xn-C-Xn-C) domain.
2) GASAs were originally isolated as genes related to tomato GA-stimulated transcripts. GASA peptides display three common features. They contain a putative signal peptide of about 18 to 23 residues, a highly divergent hydrophilic region of about 22 a.a., and conserved 60 a.a. residues containing 12 cysteines at the C-terminal domain. 3) AGPs are extracellular hydroxyproline (Hyp)-rich proteoglycans. Some are implicated in plant growth and development. It is known that AGPs are tethered to the outer leaflet of the plasma membrane by glycosylphosphatidyl inositol (GPI) anchors, and are released by digestion with phospholipase. In the Arabidopsis genome, AGPs are encoded by a large gene family of more than 50 members if fasciclin-like AGPs (FLAs) are included. 4) The classical AGP consists largely of multiple Hyp-rich glycosylation modules, whereas the arabinogalactan peptide (AG-peptide) possesses a single Hyp-rich glycosylation module, being just 10 to 15 a.a. in the predicted mature form.
5) The GPI anchored peptide (GAPEP) contains an N-terminal signal peptide of 17-18 a.a. and hydrophobic C termini, but has no homology with any known GPI anchored proteins. 5) CLE proteins are involved in the CLV signal transduction pathway as ligands. CLV1, CLV2, and CLV3 encode a leucine-rich repeat (LRR) receptor-like kinase (RLK), a receptor-like protein that lacks the kinase domain, and a small secreted polypeptide respectively. 14) CLV3 is converted into a glycosylated 13 a.a. peptide by proteolytic processing from 96 a.a. 9) In the CLV signaling pathway, processed CLV3 binds to the CLV1/CLV2 RLK complex and regulates the balance between meristem cell proliferation and differentiation. 9) Recently, several small secreted proteins were found to function as ligands of LRR-RLK. PSK is the most precisely analyzed small secreted protein with regard to ligand-receptor paring. It was purified from suspension culture of dispersed asparagus mesophyll cells based on its activity in the promotion of cell growth. It is a secreted polypeptide that is converted into a sulfated 5 a.a. peptide by proteolytic processing.
11) RLK, which is specifically bound to PSK, was isolated in ligand fishing expreriments.
12) The PSK-RLK complex positively regulates cellular potential, promoting growth and longevity in plants.
Although some functions of some small secreted proteins have been elucidated, the functions and physiological roles of most remain unknown. Here, we report an expression analysis of A. thaliana small secreted proteins (ATSPs) in tissues and at the cellular level by the promoter:reporter approach. In all we examined the expression of 122 ATSPs in leaves and roots of seedlings, and of seven ATSPs in flower organs. The expression data obtained here should provide useful information for predicting the functions of small secreted proteins in A. thaliana.
Materials and Methods
Isolation of genes for putative small secreted proteins. The sequence of the A. thaliana genome with annotation was downloaded from the TAIR site (The Arabidopsis Information Resource, ftp: //ftp.arabidopsis.org/). All amino acid sequences of lengths less than 100 were extracted, and analyzed with TargetP. 15) A phylogenetic tree was constructed based on multiple alignment of mature peptide of ATSPs using ClustalW (http://clustalw.ddbj.nig.ac.jp/), and was displayed with Tree View (http://taxonomy.zoology.gla.ac.uk/rod/ treeview.html).
Plant materials and transformation. A. thaliana (Col-0 accession) was used as the wild-type plant. For in vitro culture, plants were grown on a medium containing 4.6 g/L of Murashige Skoog basal salt mixture (Wako Pure Chemical Industries, Osaka, Japan) supplemented with 1% w/v sucrose and 0.01% w/v myo-inositol at 22 C under 16L/8D light conditions. Transformation was carried out by a floral dip procedure 16) using wild-type plants.
Plasmid construction. The promoter entry clones of the ATSPs were constructed as follows: The promoter region spanning the sequence between À2;000 and þ3 (the adenosine of the translational initiation codon was designated þ1) of the ATSP genes were amplified by adapter PCR with the corresponding primers, listed in Supplemental Table 1 (see Biosci. Biotechnol. Biochem. Web site), and then cloned into pDONR201 to make pDONR201-ATSPpro following the manufacturer's manual (Invitrogen, Carlsbad, CA). To achieve fusion with G3 green fluorescent protein (G3GFP) 17) (a brighter variant of GFP with S65A/Y145F mutations), we constructed binary vector pGWB250, which is compatible with Gateway cloning, by introducing the XbaI-SacI fragment of pUGW50 18) into pBI121-NosHyg. 19) pDONR201-ATSPpro entry clones were used in the LR reaction with pGWB250 to make P ATSPs :G3GFP constructs. For some ATSPs, dual promoter:reporter constructs, which contain both P ATSPs :G3GFP and P ATSPs :-glucuronidase (GUS) in one binary vector, were also made. First, pDONR201-ATSPpro was subjected to the LR reaction using pDD333 (T. Nakagawa, unpublished data) to achieve fusion with GUS. The resulting plasmid, pDD333-ATSPpro, along with pDONR201-ATSPpro, was further subjected to the LR reaction using destination vector pGWB3450 (T. Nakagawa, unpublished data) to produce a binary vector carrying P ATSPs :G3GFP and P ATSPs :GUS, each of which was translationally fused to either GFP or GUS at the initiation codon.
Propidium iodide (PI) staining. To stain the cell wall, leaves were immersed in 1 mg/mL of PI (Sigma-Aldrich, St. Louis, MO) and centrifuged at 10;000 Â g for 1 min. After washing with deionized water, the leaves were used for fluorescent microscopy.
Fluorescence microscopy. Leaves, hypocotyls, and roots of 2-weekold transgenic plants were analyzed. Transgenic plants were viewed under a fluorescence microscope (BX51; Olympus, Tokyo) equipped with U-MGFPHQ fluorescence mirror units (Olympus) for GFP, or using an LSM510 laser-scanning confocal microscope equipped with an argon laser (488 nm, Carl Zeiss, Oberkochen, Germany) and filter sets (Carl Zeiss Mirror HFT488, emission filter BP500-550 for GFP, and Mirror HFT488, emission filter 565-615 for PI).
GUS staining. Two-week-old seedlings or floral organs were incubated in 2.37 mM X-Gluc, 3 mM K 3 Fe(CN) 6 , 100 mM sodium phosphate buffer pH 7.0, and Triton X-100 at 37 C for 12 h. The reaction was stopped by replacement with 70% ethanol. Stained samples were observed using microscopes (BX51 and SZX16; Olympus).
Results

Selection of Arabidopsis thaliana putative small secreted protein genes
In all, 152 genes were selected as ATSP genes that encoded proteins possessing a signal peptide and composed of less than 100 amino acid residues (including a signal peptide). They were numbered according to their locations on the chromosomes. ATSP1 to 29 were located on chromosome 1, ATSP30 to 61 on chromosome 2, ATSP62 to 95 on chromosome 3, ATSP96 to 111 on chromosome 4, and ATSP112 to 152 on chromosome 5. The phylogenetic trees of ATSP1 to 152 are indicated in Supplemental Fig. 1 . Supplemental Table 1 lists the Arabidopsis Genome Initiative (AGI) codes, numbers of amino acid residues, the functions annotated on TAIR, the expression analyses done in this study, the primers used in cloning, and information from the literature, of 152 ATSPs. 2) Five (ATSP27, 37, 54, 96, and 97) corresponded to GASA, 3) and two (ATSP100 and 119) were CLE. 14) Six (ATSP9, 24, 75, 82, 116, and 125) were other known genes, 16 were putative gene, and the other ATSPs were unknown (Supplemental Fig. 1 and Supplemental Table 1 ).
Expression of ATSP genes in particular tissues and cells of seedlings
Of the 152 ATSPs, we made promoter:G3GFP constructs or dual reporter constructs (promoter:G3GFP + promoter:GUS) for 122, and introduced them into A. thaliana. It was impossible to amplify the promoter fragments of the remaining 30 ATSPs by PCR, and they were not analyzed in this study. Two-week-old seedlings of 122 P ATSPs :G3GFP transgenic Arabidopsis plants grown at 23 C under continuous light conditions (5 lines/construct) were analyzed for GFP expression in young leaves, mature leaves, hypocotyls, and roots. Among the 122 ATSP promoter:G3GFP constructs, 79 clearly showed GFP fluorescence in some regions of the seedling, for example, the vascular bundle, the mesophyll, guard cells (GCs), root tips, or lateral root primordia. Typical expression patterns (expression patterns observed in more than three of the five lines) of the various constructs are summarized in Fig. 1 
At1g74340 dolichol phosphate-mannose biosynthesis regulatory protein 
Continued.
Vascular bundles
Fifty-five ATSP constructs showed GFP expression in vascular bundles, 48 were expressed in vascular bundles of over-ground organs (veins and vascular bundles of hypocotyl), 15 were expressed in vascular bundles of roots, and among these, 8 were expressed in vascular bundles of both over-ground organs and roots. A summary of the expression patterns of the vascular bundles is given in Fig. 1 , and ATSPs that showed expression only at the indicated regions of seedling are underlined. For example, the ATSP64 gene was expressed in vascular bundles of the over-ground organs and roots ( Fig. 2A) . In contrast, the ATSP95 gene was expressed only in vascular bundles of over-ground organs, and ATSP71 was expressed only in vascular bundles of the roots (Fig. 2B, C) . Many constructs expressed in vascular bundles also showed GFP expression in other tissues, e.g., the root tip (ATSP37), the lateral root primordium (ATSP73), and mesophyll cells (ATSP129) ( Table 1) .
Root tip and lateral root primordium As shown in Fig. 1 , there were 50 ATSP constructs that showed GFP fluorescence in the root tips, and ATSPs expressed only in the indicated regions of the seedlings, are marked by underlining. Expression in the root tips was subdivided into three regions: 44 constructs were expressed in the elongation zone, 41 were expressed in the meristem, and 5 were expressed in columella cells. In the root tips, as many as 36 ATSPs were expressed in both the elongation zone and the meristem, and four of them were expressed also in columella cells of the seedlings (Fig. 1) . For example, the ATSP12 gene was expressed only in the elongation zone, the ATSP66 gene was expressed only in the meristem of the roots, the ATSP52 gene was expressed both in the elongation zone and the meristem of the root tips, and the ATSP61 gene was expressed in the elongation zone, the meristem, and columella cells of the root tips (Fig. 3A) . Six constructs were found to express in the lateral root primordium (Fig. 1) . ATSP31 was expressed only in the lateral root primordium in the seedlings (Fig. 3B) , while ATSP110 was expressed in the lateral root primordium and the columella cells (Fig. 3C) .
Mesophyll Nine constructs were expressed in mesophyll cells and all were expressed also in other tissues of seedlings. For example, ATSP10 was expressed in the mesophyll and vascular bundles of the roots, and ATSP25 was expressed in the mesophyll and root tips (Table 1) .
Stomatal lineage
The development of GC is divided into stages including the meristemoid, guard mother cell (GMC), immature guard cell (IGC), and mature GC (stomatal lineage).
22) The small, triangular meristemoid develops into round GMC. Subsequently, the GMC divides symmetrically to generate a pair of IGC, and then they become mature GCs and the pore is opened. We examined the expression of ATSP constructs in the stomatal lineage, and found that ATSP7 and 21 were expressed in GCs, ATSP2 and 35 in IGCs, ATSP80 and 117 in both immature and mature GCs, and ATSP61 in both GMCs and IGCs (Table 1 and Fig. 4) . GFP fluorescence of all seven constructs was also detected in other organs: ATSP2, 7, and 35 were expressed in the A, For Arabidopsis possessing the P ATSP2 :G3GFP, P ATSP35 :G3GFP, and P ATSP61 :G3GFP, GFP fluorescence in the stomatal lineage was viewed by confocal microscopy. Images of GFP (left) and PI staining merged with GFP (right) are shown. B, For the P ATSP7 :G3GFP, P ATSP21 :G3GFP, P ATSP80 :G3GFP, and P ATSP117 :G3GFP constructs, GFP fluorescence in the stomatal lineage was viewed by fluorescence microscopy. Images of GFP (left) and DIC (right) are shown. Scale bars, 10 mm. Yellow, white, and blue circles represent GMC, IGC, and GC respectively. root tips, ATSP80 in the root tips and vascular bundles of the roots, ATSP21 and 61 in the mesophyll and vascular bundles of over-ground organs, and ATSP117 in the mesophyll, vascular bundles and root tips ( Table 1) .
Expression pattern of gene families in seedlings
Next we compared the expression patterns of ATSP constructs that belong to the same gene family. The results are summarized along with the phylogenic tree (Supplemental Fig. 1) , and photographs of all the constructs are presented in Supplemental Fig. 2 , grouped by gene families.
In the PDF family, four constructs were expressed in a specific organ of the seedling. ATSP28 and 45 were specifically expressed in the vascular bundles of the over-ground organs, ATSP31 in the lateral root primordium (Fig. 3B) , and ATSP33 in the elongation zone of the root tips. Of the ATSP constructs examined in this study, ATSP31 was the only one that showed lateral root primordium specific expression (Fig. 3B) . ATSP7, 137, 21, and 150 showed expression in various organs of the seedlings (Fig. 4B) . In contrast to the diversified expression patterns of the PDF family, members of DEFL family were expressed in limited organs of the seedlings. Six constructs (ATSP102, 13, 60, 95, 67, and 105) were specifically expressed in the vascular bundles of the over-ground organs (Fig. 2B) , and ATSP99 was expressed only in the root tips.
In the AG-peptide family, ATSP71, 103, and 142 were specifically expressed in the vascular bundles of the roots (Fig. 2C) , and ATSP145, 93, and 63 in the vascular bundles of the over-ground organs. We found two constructs expressed in GCs. ATSP117 was expressed from the stage of IGC, and ATSP61 began to express from the stage of GMC (Fig. 4) . These were also expressed in the root tips and the vascular bundles. In GAPEP family, ATSP64 was specifically expressed in the vascular bundles and ATSP85 was expressed only in the root tips ( Fig. 2A) . ATSP65 showed GFP fluorescence in the vascular bundles of the over-ground organs and the elongation zone of the roots. ATSP120 was expressed in many organs including the mesophyll, the vascular bundles, and the root tips. ATSP140 and 149 did not show any GFP fluorescence at the seedling stage.
We found two ATSP constructs showing characteristic expression patterns. ATSP146 was expressed in the quiescent center (QC), 23) functioning to maintain stem cells, and it defined the stem cell niche in the root tips (Supplemental Fig. 2 ). ATSP110 (unknown) was expressed in the lateral root primordium and columella cells (Fig. 3C) .
Expression of ATSP in floral organs
We made promoter:GFP + promoter:GUS constructs for several ATSPs. Using established transgenic lines among these constructs, we investigated the expression patterns of seven ATSPs in the floral organs by histochemical analysis of GUS expression ( Table 2) . GUS staining of these constructs was observed in the sepals, filament, anther, style, and stigma, but never in the petals. The expressions of ATSP115 (AtLtpIII.1), ATSP138 (unknown), and ATSP146 (unknown) were limited to the anthers in the floral organs (Fig. 5A ). ATSP138 was expressed at an early stage of anther development, while ATSP115 and ATSP146 were expressed at a later stage (Fig. 5A) . ATSP117 (AtAGP15), 135, and 145 (AtAGP14) were expressed in the sepals, and the expression of ATSP135 was limited to the sepals in the floral organs ( Fig. 5B and Supplemental Fig. 2) . ATSP150 (PDF2.5) was expressed in the transmitting tissue and the ovule of the style (Fig. 5C ). Construction of a promoter:GFP + promoter:GUS transgenic line is in progress, and we plan to report the expression patterns of all ATSPs in the entire Arabidopsis plants, including the floral organs, by GUS staining.
Discussion
We selected 152 genes (ATSP1-ATSP152) that encode putative small secreted proteins (residues of less 100 a.a.) from the Arabidopsis genome database, and investigated the expression patterns of 122 ATSP genes.
We found that seven ATSPs were expressed in the stomatal lineage by expression analysis of 2-week-old seedlings (Figs. 1 and 4 ). ATSP7 and 21, which encode PDF, were expressed only in mature GCs (Table 1 ). In the sugar beet, defensins (former name, AX proteins) were found in the stomatal cells of infected and noninfected leaves. 24) These defensins might protect leaf tissue against pathogens, because the stomata are the entry route for fungal pathogens into the internal tissues of the leaf. ATSP7 and 21 might have the same protective function in the GCs of A. thaliana. Five ATSPs (ATSP2, 35, 61, 80, and 117) were expressed in the IGCs, and ATSP61 was expressed in the GMCs. Recently, a number of small secreted protein genes were found to be involved in GC development. EPIDERMAL PATTERNING FACTOR 1 (EPF1) encodes a polypeptide of 104 a.a. residues, and is expressed in meristemoid. 25) Stomagen encodes a polypeptide of 102 a.a. residues, and is expressed in the mesophyll. 26) These polypeptides have an N-terminal secretory signal and function in extra-cellular space as signal molecules. 
a þþ, strong expression; þ, weak expression; À, no expression.
EPF1 acts as ligand for the TOO MANY MOUTHS (TMM) receptor-like protein, and controls cell fate into the stomatal lineage to maintain proper stomatal density and distribution in the epidermis. Like EPF1, genes controlling cell fate into the stomatal lineage started to be expressed at the meristemoid stage. 27) On the other hand, five ATSPs (ATSP2, 35, 61, 80, and 117) were expressed at much later stages (i.e., GMC and IGC), indicating they are not involved in the determination of cell fate into the stomatal lineage. Two ATSPs (ATSP61 and 117) were expressed in the precursor of the GC encoded AG-peptide, a subclass of AGPs. A precursor of AGP contains a signal peptide at the N-terminus and a GPI anchor signal sequence at the C-terminus, and localizes on plasma membrane via the GPI anchor. 28) By the action of phospholipase, AGP is released from the plasma membrane and is dispersed in the extracellular matrix. Recently, some AGPs were found to function in plant development, including root development and growth, 29) pollen grain development, pollen tube growth, 30) and the initiation of female gametogenesis.
31)
For example, A. thaliana xylogen protein 1 (AtXYP1) and 2 (AtXYP2) contain the AGP motif (APAPA or APTPA, thought to be glycosylation sites for O-linked arabinogalactans) and coordinately function as mediators of cell-cell interaction in vascular development.
32)
AG-peptides, a subclass of AGPs, were found during proteomic analysis of AGPs to be very small peptides. As a mature protein backbone, AG-peptides have only a proline-rich domain composed of 10-13 a.a. 4) 12 genes encoding AG-peptide are present in the genome of A. thaliana, and their physiological functions remain unclear. 20) Because ATSP61 and 117 were expressed in many tissues of the seedling ( Fig. 1 and Supplemental  Fig. 1B) , the AG-peptides encoded by these ATSPs might have universal functions rather than a specific function in GCs. We examined the expression patterns of 12 ATSP genes encoding PDF. Expression of them was observed in many parts of the seedlings, suggesting that PDFs are related to the pathogen response in almost all regions of the Arabidopsis plant. On the other hand, DEFLs showed a different expression pattern from PDF. They were expressed only in the vascular bundles of the over-ground organs.
We analyzed 47 unknown genes, and found 11 that were expressed in specific regions. For example, ATSP11 was strongly expressed in the shoot vascular bundles, and ATSP124 was expressed in the elongation zone (Supplemental Fig. 2 ). Among these, ATSP146 was the most interesting construct, showing specific expression in QC. Recently, tyrosine-sulfated secreted peptides, root meristem growth factors (RGF), were found to be required for the maintenance of the root stem cell niche in A. thaliana. The Arabidopsis genome has nine homologs (RGF1-9). RGF1, 2, and 3 have redundant functions in the maintenance of the root stem cell niche. Among these, RGF1 is specifically expressed in QC and columella stem cells. 33) ATSP146 is a putative small secreted protein also expressed specifically in QC, but the molecular function of ATSP146 is not yet known. It might be related to QC functions in the maintenance of the root apical meristem.
Information from microarray databases such as The Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/ cgi-bin/efpWeb.cgi) is consistent with the expression patterns of ATSPs. For example, GFP expression in the stomatal lineage of Arabidopsis possessing P ATSP2 :G3GFP, P ATSP7 :G3GFP, P ATSP21 :G3GFP, P ATSP35 :G3GFP, P ATSP61 :G3GFP, and P ATSP117 :G3GFP are consistent with the data in the eFP Browser's Tissue Specific view. Moreover, Arabidopsis possessing the P ATSP61 :GUS and P ATSP117 :GUS were stained in whole seedlings, and these two genes have been reported to be strongly expressed in entire region by The Arabidopsis eFP Browser.
In this study, we analyzed the expression patterns of the genes encoding putative small secreted proteins in A. thaliana grown under normal conditions. The data obtained here should provide information to predict their functions, including 47 presently unknown genes. Genome-wide gene expression was analyzed by microarray, and the results were integrated into databases. Although this information indicates the regions of expression and up-and down-regulation of the genes at the organ level, further analysis is necessary in order to monitor gene expression in detail. The promoter:reporter transgenic lines constructed in this study should be useful resources in expression analysis of many genes encoding putative small secreted proteins in detail, tissue-or cell-specific expression, and response of gene expression to biotic and abiotic stimuli at the cellular level.
